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Abstract—Dunes are the major bed forms of waterways. If they 
are only represented indirectly by a dune predictor and an 
average bed height in a numerical model, the resulting 
simulated water depth and with it the shipping capacity will 
also be an average one - and due to this locally subject to high 
uncertainties. Not only does the presence of dunes considerably 
modify the flow structure with vortex creation in the lee side of 
bed forms, also the sediment transport rates are changed. The 
prediction of dune characteristic dimensions (height and 
length) with numerical modules and configurations that are 
applicable in project work is therefore of high interest. This 
paper describes the efforts that have been conducted at the 
Bundesanstalt für Wasserbau (BAW) to enable a better 
understanding of dune processes in rivers and the direct 
integration of bed forms and the associated flow structures into 
their river models. After successful calibration of the modules 
Telemac3D-Sisyphe with data sets gained at an experimental 
flume, the found parameter settings have been applied to a 
river reach of the river Elbe. It was possible to simulate the 
movement of bed forms of a 4 km river reach during constant 
water discharge. Further research will focus on changing 
discharge conditions and resulting adaptation (time scale as 
well as shape) of the bed forms. 
I. INTRODUCTION 
The Federal Waterways and Engineering Research 
Institute (BAW) is the technical and scientific federal 
authority of the Federal Ministry of Transport and Digital 
Infrastructure. It provides the shipping administrations with 
necessary consultancy and expert opinion services, to assure 
a safe and economic transport on all navigable rivers in 
Germany. One of the main tasks is to guarantee a minimum 
water depth in the navigation channels. This task is 
complicated by dunes, which are the most common bed 
forms of German water-ways. Being capable of predicting 
height and length of bed forms, is therefore of major interest. 
But even if sediment characteristics, river geometry and 
discharge are known, the prospective sediment transport and 
water depth in the presence of dunes can only be determined 
approximately. 
This is due to the fact, that even despite the growing 
computer capacities, numerical models for morphological 
simulation of large river sections or to forecast long-term 
developments still involve 2D flow simulations coupled to a 
morphodynamic model. In case of bed forms the established 
engineering practice is to use empiric formulations and 2D 
RANS-simulations to account for dunes or bed roughness, 
for example the formulation of van Rijn [1]. Those empiric 
formulations have an enormous uncertainty. It is therefore 
the aim to enhance the existing numerical tools to calculate a 
three-dimensional flow field, which will let dunes develop, 
grow and move, without the need for parameterization.  
Dune simulation has seen a lot of advances concerning 
the prediction and simulation of dynamics of dunes. The 
complex processes of river dune morphology have been 
examined with high-tech measuring instruments in 
experimental studies (e.g. [2], [3], [4] and [5]) and in more 
and more detailed simulations (e.g. [6], [7], [8], [9] and [10]). 
This was mainly achieved through the progress that took and 
is still taking place in high performance computing. There 
were also advances to reproduce dune morphodynamics with 
numeric simulations (e.g. [11], [12]). 
The next section will present the numerical model used in 
the following numerical calculations: the third section will 
describe the calculations done for an experimental setup, the 
fourth section shows results gained for a natural river model. 
II. NUMERICAL MODEL 
It is widely agreed on, that the turbulent flow that 
surrounds the bed forms is the initiator and vital element of 
dune forms and their movement. It is therefore crucial to 
reproduce this flow in a numerical model [13]. Not 
surprisingly successful flow simulations around dunes, or as 
well morphological dune simulations, mostly apply DNS or 
LES. Calculating complete river models on the other hand 
requires less extravagant solutions: fluvial models are still 
mostly, if even, 2D RANS models. Hence the model used in 
this study applies as well the Reynolds-Averaged Navier 
Stokes (RANS) equations for shallow water flow. To account 
for the turbulent flow around and behind dunes, the 3D 
model of the TELEMAC system is employed – coupled to 
the morphodynamic module Sisyphe [14], [15]. For 
turbulence modelling the k-ɛ model of Telemac3D is applied.  
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III. EXPERIMENTS 
A.  Hydrodynamic Simulations 
To calibrate and test the numerical morphological model, 
data from an experimental flume situated at the BAW in 
Karlsruhe was employed.  
The experimental flume has a length of 32 m of which 
approximately 28 m can be evaluated. It has a rectangular 
cross section with one side wall of glass with metal bars and 
one side wall of plastic material. The width of the flume is 
5 m split in two halves of 2 m where two different dune 
experiments were conducted: one side hosts a mobile bed 
experiment and the other side contains fixed, naturally 
formed dunes. The bottom of the moving bed experiment is 
constantly covered with sediment which has a steep grading 
curve (4 fractions with a 1 – 3 – 64 – 32% distribution with 
mean diameters of 0.4275 – 0.605 – 0.855 – 1.2 mm) and a 
total mean diameter of 0.94 mm. The same sand was used for 
the fixed dunes, which were formed with a constant 
discharge and fixed with a two-component adhesive. Over 
these dunes detailed velocity measurements were performed 
to validate the hydrodynamic model. The movable bed 
experiment allowed comparing the morphodynamic model 
with dunes of different discharges and configurations.  
The hydrodynamic simulations showed very good 
agreement of velocities and water levels. The critical areas of 
recirculation behind the dunes could be matched as well as 
the distribution over the water column in course over the 
whole dune. Figure 1. a,b,c show plots of the velocity in all 
three spatial directions in comparison to measurements. The 
values of the numerical simulation have been extracted at the 
same points where the measurements have been taken.  
 
Figure 1.  Velocities in three spatial directions and turbulent kinetic energy over fixed dunes. Each point represents an extraction point/ measurement. 
Comparison of simulation with Telemac3D and measurements (Vectrino II, BAW). The turbulent kinetic energy of the simulation was multiplied with a factor 
of 2. 
a)                 b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)              d) 
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Due to this a slight interpolation was necessarily applied, 
as the calculation was done with 13 vertical, logarithmically 
distributed sigma-levels and the measurements were taken at 
more or less equally distributed points. 
The largest room for improvement can be seen in the 
calculation of turbulent kinetic energy (Figure 1. Here one 
notices the qualitatively correct distribution, but the amount 
of depictured turbulent kinetic energy in the calculation was 
multiplied by 2 to gain a fit with measurements. This is a 
flaw in the numerical simulation and the employed k-ɛ 
turbulence model that needs further investigation. 
B. Morphodynamic Simulations 
Morphodynamic simulations were done over 24 h. The 
same hydrodynamic and morphodynamic boundary condition 
as in the physical experiments and the hydrodynamic 
simulations were applied. 
As opposed to the mere hydrodynamic experiments with 
a high water level discharge of 240 l/s, the morphodynamic 
experiments presented here were done with a lower discharge 
of 145 l/s. This results in an average water depth of 0.175 m. 
To compare the experimental and numeric data sets of the 
morphodynamic simulations, the following dune parameters 
are considered: first dune length and height which are the 
main variables when evaluating dunes for decades, e.g. [1]. 
As a dune field is a multiscale statistical structure which isn’t 
realistically captured by merely two physical values [16], 
second skewness and kurtosis of the spatial data field are 
considered as well. These 3rd and 4th order distribution 
moments normalized by the variance (which is therefore 
calculated as well) will give additional information about the 
general shape or form of the bed surface and the distribution 
of the dunes in space [17], [18]. Also the three-dimensional 
structures can be compared visually to account for shape and 
slope differences and local scour/erosion phenomena.  
Using these calibrated data sets of the hydrodynamics for 
morphodynamic simulations good dune movement and shape 
parameters could be achieved. The overall best results were 
gained with the bed load formulas of Engelund and Hansen 
[19] and Yang and Lim [20].  
For slope effect the formula of Koch and Flokstra [21] 
and for the deviation the new formula of Apsley and Stansby 
[22] proved to create the best dune shapes. The dune 
parameters gained with those configurations are summarized 
in TABLE I. .  
Comparing them to the results of the experimental runs 
one finds that for dune height and length the values of the 
simulations fit the spectrum of the physical experiment. Also 
the range of the variance can be reached. Skewness and 
kurtosis are slightly more off: The skewness only reaches a 
negative value in one run of the simulations. Most of the 
kurtosis values of the simulations are negative. Even though 
the range of the presented experimental values is positive, 
some other experimental runs at an earlier stage of time have 
shown negative values as well. Printing the values into a 
skewness–kurtosis diagram (as in [25]) one can see the 
discrepancy between the shape parameters of experiments 
and simulations even more clearly (Figure 2. ). 
Explanations for this discrepancy in length/height vs. 
shape parameters are manifold. The simulations on one hand 
miss smaller bed forms like ripples, in consequence of the 
mesh size. This will result in differences in shape parameters. 
On the other hand the chosen transport and slope formulae 
might be insufficient, as well as the chosen k-ɛ turbulence 
model (see previous section). Nonetheless the final result of 
movement, bed form height and length is satisfying enough 
to test the findings in a river model application. 
IV. RIVER MODEL – LENZEN, ELBE  
A dune dominated stretch of the river Elbe near Lenzen 
was chosen to test the data sets found in the experimental 
flume. The chosen reach stretches from El-km 480 to El-
km 484. Tests done with longer stretches are discussed 
below. In this area the river Elbe has partially retained its 
hydro- and morphodynamics, even though during the last 
centuries its flood plains have been reduced and large parts of 
its banks have been stabilized with groynes and revetments 
[26]. 
The presented area is an almost straight stretch, with an 
average width of the main channel (desired groyne head line) 
of 203 m. Due to different groyne forms this is only a mean 
value and the actual width can be quite variable. Following 
this, also the velocity at specific cross sections may change 
along the reach. In average the mean velocity of a low water 
(MNQ, 297 m³/s) is 0.73 m/s, a middle water (MQ) of 
689 m³/s will result in average velocities of 0.96 m/s.  
TABLE I.  DUNE PARAMETERS GAINED WITH FOUR DIFFERENT EXPERIMENTAL COMBINATIONS. EL&H= BED LOAD FORMULA BY ENGELUND AND HANSEN 
[19]. Y&L = BED LOAD FORMULA BY YANG AND LIM [20]. SL1 = SLOPE EFFECT FORMULA BY KOCH AND FLOKSTRA [21]. SL2 = SLOPE EFFECT FORMULA BY 
SOULSBY ET AL. [23]. DEV2 = FORMULA OF DEVIATION BY TALMON [24]. DEV3 = FORMULA OF DEVIATION BY APSLEY AND STANSBY [22]. 
simulation name height [m] length [m] deviation skewness kurtosis 
EL&H, sl1 dev3 0.0329 1.2373 0.0123 0.2688 -0.6585 
EL&H, sl2 dev2 0.0447 1.0724 0.0178 -0.1747 0.9828 
Y&L,   sl1 dev3 0.0280 1.8361 0.0112 0.4629 -0.4021 
Y&L,   sl2 dev2 0.0228 1.3345 0.0102 0.4633 -0.1583 
      
Experiments 0.042 – 0.047 1.144 – 1.511 0.018 – 0.019 -0.639 – -0.505 0.405 – 0.743 
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Figure 2.  Plot of skewness over kurtosis with same simulations as in Table 1. Background diagram taken from Friedrich et al (2006). 
The river bed is a sand-gravel mixture, composed of 80% 
medium and coarse sand and 20% fine and medium gravel. 
This results in an approximate D50 of 2.4 mm. The bottom of 
the reach is very mobile, transporting bed forms which 
appear in all sizes, ranging from ripples and dunes to banks. 
The dunes can be divided in large dunes (length > 120 m, 
height > 1.1 m) and medium dunes (length 10 to 120 m, 
height up to 1.1 m). The average speed of the dunes is 
10 m/d, the average slope is 0.13%. 
Figure 3. shows the primary complete model domain (a) 
and an extraction that was finally calculated (b). The original 
model domain (a) is 12 km long and the straight section has a 
length of 4 km. In this area high resolution bed 
measurements of different discharges exist that can be used 
for morphodynamic evaluation. The 2D mesh of the 12 km 
reach has about 1million elements with excessive refinement 
in the 4 km evaluation area, where the element distance is 
about 2 m – in comparison to a mesh width of about 15 m in 
the rest of the main river bed. A refinement is needed to 
directly represent the bed forms with their stoss- and lee-
sides in the mesh, which have a length of 50-80 m, but a 
height of only 0.5-1.2 m. 10 sigma layers were used for the 
3D hydrodynamic calculations. The 12 km mesh was used 
for first calculations but proved to be instable and non-
manageable. The difference in mesh resolution, especially 
across the river channel, resulted in too high gradients when 
calculating morphodynamics. Due to this, a shortened mesh 
with a constant mesh width of 4 m over the complete area 
was created. The flood plains were cut off, as these areas are 
not flooded during the presented discharges. The short mesh 
has 117.195 nodes in 2D (337.944 elements), which allows 
fair calculation times with 96 processors. Further 
parallelization will not result in significant reduction of 
calculation time. The calculation time of this mesh also 
provides basis for further mesh elongations or refinements. 
In a first step the findings of the morphological 
calculations of the experimental flume were used to calculate 
a steady discharge (485 m³/s) with a corresponding river bed 
taken from bottom measurements. Figure 4. shows 
longitudinal extractions of the river bed of a morphodynamic 
calculation (EL&H, sl = 1, dev = 3), taken from the middle of 
the river. Approximately every 12th hour of the calculation is 
shown, starting from t = 0 h which is a measured data set. 
One can see that the dunes move steadily and are not 
flattened out. The average speed is 40-50 m/d, which fits the 
value of the real-life dunes very well. From the longitudinal 
sections no direct comparison of the three-dimensional 
movement of the dunes can be drawn. The 3rd and 4th order 
moments of these spatial data sets need to be evaluated in 
order to do so. 
 
Figure 3.  Simulation area of Lenzen, Elbe. Extent is a) 12 km, b) 4 km. 
a) long mesh,  
    516.000 nodes  
b) short mesh, 
    117.000 nodes 
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Figure 4.  Longitudinal extractions of the bottom of the Elbe (El-km 480 - 484, only 2.3 km shown here), calculated over 5 days. The height of the bottom is 
exaggerated by a factor of 7.6. Dune progress is shown by red, vertical lines.
V. RESULTS AND CONCLUSIONS 
The results show that a calculation of a complete river 
section with very diverse sediment transport phenomena is 
possible with Telemac3D coupled to Sisyphe. A good dune 
movement could be simulated.  
The ongoing research focuses on changing discharge 
conditions and resulting adaptation in time scale as well as in 
shape of the bed forms. Further model parallelization should 
be possible and therefore an elongation of the domain seems 
feasible. Through this a model domain that is able to deliver 
reliable forecasts is a realistic goal. 
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